We isolated the CIP353 cDNA, which encodes a novel cold-inducible protein, from cold-stored tubers of potato (Solanum tuberosum L.). The level of CIP353 transcripts began to increase in tubers 2 weeks after storage at 3°C and continued increasing for at least 3 months during storage. This increase was not observed in tubers stored at ³9°C. The increased level of transcripts in tubers stored at 3 or 6°C decreased when the tubers were shifted to 20°C. These data suggest that CIP353 is a temperature-dependent and slowly responsive cold-inducible gene of potato. The middle of the deduced amino acid sequence of CIP353 cDNA showed high similarity to the AP2/ERF domain, which occurs in some plant regulatory factors. The deduced protein contained a putative basic nuclear-localization signal and potential acidic activation domains. These data suggest that CIP353 protein is a transcription factor of genes expressed in tubers under long-term storage at low temperatures.
Introduction
Environmental conditions have various effects on the growth and development of plants. Among these conditions, cold temperature (cold stress) is known to affect the productivity of crops and the quality of agricultural products under storage (Isherwood 1973, Sakai and Larcher 1987) .
Plants have mechanisms that allow them to acclimate to a variety of environmental conditions (Thomashow 1990 ). Cold conditions induce various changes in the cellular metabolism of plants; these changes are accompanied by notable increases or decreases in the levels of various gene transcripts and proteins (Guy 1990 , Thomashow 1990 , Thomashow 1998 . A number of genes encoding cold-inducible transcripts (cold-regulated genes; COR genes) have been isolated from various plant species, including Arabidopsis thaliana, Brassica napus, wheat (Thomashow 1998 and refs. therein) , and potato (van Berkel et al. 1994 , Kirch et al. 1997 , Schneider et al. 1997 . By using these genes, various intensive studies for clarifying the mechanisms of low-temperature signal transduction and acquisition of cold (freezing) tolerance have been done (Monroy and Dhindsa 1995, Jaglo-Ottosen et al. 1998 ).
The cold-inducible genes isolated so far respond rapidly to cold stress. The levels of expression of these genes typically reach maximum within 1 month after cold treatment. Genes that respond slowly to cold stress have been reported to occur in potato (van Berkel et al. 1994 ), but these slow-response genes have not been characterized yet in potato or any other plant species. Here, we report the isolation of CIP353 cDNA, an example of this novel type of cold-inducible gene, from potato tubers. Increased levels of the CIP353 transcript was detected in tubers after 2 weeks of cold storage, and the level continued to increase for more than 3 months. In addition, the middle part of the protein encoded by the CIP353 cDNA showed high similarity to the conserved AP2/ERF domain of some plant regulatory factors.
Results

Isolation of cDNAs encoding cold-inducible transcripts
A lgt10 cDNA library was prepared from poly(A) + RNA isolated from potato tubers stored at 4°C for 7 months. About 10,000 recombinant phage plaques were subjected to differential screening. Three cDNA clones (CIP353, CIP56, and CIP622) hybridized strongly with a first-strand cDNA probe prepared from low-temperature-stored potato tubers, but not with a probe prepared from developing tubers. Terminal sequencing analysis revealed that the nucleotide sequences of CIP56 and CIP622 were almost identical to those of genes for potato proteinase inhibitor I and II, respectively, and that of CIP353 encoded an unknown polypeptide (data not shown).
Analysis of transcripts for isolated cDNAs in potato plants
Steady-state levels of transcripts corresponding to the CIP56, CIP622, and CIP353 cDNAs were analyzed by Northern blotting. The levels of CIP56 and CIP622 transcripts were high in both developing and low-temperature (3°C)-stored tubers and were low in the root, young stem, and leaf organs of growing potato plants (Fig. 1 ). In contrast, the level of the CIP353 transcript was specifically high in the stored tubers ( Fig. 1) .
DNA sequence analysis of CIP353 cDNA The CIP353 cDNA is 1,132 bp in length and contains an open reading frame encoding a polypeptide of 264 amino acid residues with a calculated molecular weight of 29.4 kDa (Fig. 2) . The region between amino acids 97 and 153 of the deduced CIP353 protein had high similarity to a common DNA-binding motif (AP2/ERF domain, Riechmann and Meyerowitz 1998, Fujimoto et al. 2000) with a single AP2 domain (Jofuku et al. 1994) (Fig. 2, 3 ). The putative protein contained an acidic domain at residues 207 through 261 and a basic domain at residues 91 through 98 (Fig. 2) . In addition, a cluster of seven contiguous serine residues was present at sites 37 through 43, and the region from residues 24 through 46 (which contained the serine cluster) was acidic (Fig. 2) .
Transcription of the CIP353 gene in stored potato tubers
The transcription profiles of the CIP353 gene in tubers stored at various temperatures were analyzed by Northern blotting. The level of the transcript began to increase in tubers after 2 weeks of storage at 3°C, and the level in tubers stored at 3°C continued increasing for as long as 3 months during storage (Fig. 4) . The level in tubers was close to maximal after 5 months of storage at 3°C, and relatively high levels of the transcript were still observed in tubers stored for 6 months (data not shown). Although an increased level of the CIP353 transcript occurred in tubers stored at 6°C, this level was lower than that of 3°C-stored tubers during most of the storage period (Fig. 4) . The level of CIP353 transcript in tubers stored at 6°C was maximal after 2-4 weeks of storage and then decreased (Fig. 4) . The level of CIP353 transcripts in tubers stored at ³9°C did not increase at any point during the storage period (Fig. 4) . The number of transcripts started to decrease within 1 month after tubers that had been stored at 3 or 6°C for 5 months were transferred to 20°C storage. In comparison, the level of CIP353 transcripts started to increase when tubers stored at 20°C for 5 months were transferred to 3 or 6°C (Fig. 5) .
To assess whether cold temperature can affect the transcription of CIP353 in other organs than tubers, we performed cold-treatment experiments using potato plants grown in vitro. The levels of the CIP353 transcripts in the leaves, stems, and roots of the plants increased during 4 weeks of incubation at 3°C, and the highest level of induction occurred in stems (Fig. 6) . However, the extent of the increase in the number of CIP353 transcripts in stems was much lower than that of tubers stored at 3°C for 2 or 4 weeks (Fig. 6 ).
Copy number of CIP353 in potato
The copy number of genes corresponding to CIP353 cDNA was estimated by Southern blotting analysis. Each lane yielded one to three bands when the entire cDNA probe was used (Fig. 7) . This finding suggests that the gene corresponding to the CIP353 cDNA is a low-copy-number gene (with probably one or very few copies per haploid genome).
Discussion
We isolated three cDNA clones from cold-stored potato tubers by differential screening. Two of them, CIP56 and CIP622, seemed to encode proteinase inhibitor (PI) 1 and 2, respectively. The remaining one, CIP353, encoded a novel polypeptide. Northern analysis revealed that the expression of the CIP56 (PI1) and CIP622 (PI2) genes were tuber-specific in growing potato plants (Fig. 1) . The highest levels of the transcripts for those genes occurred in cold-stored tubers (Fig. 1 ), but this finding might reflect the accumulation of the transcripts during the development of the tubers because the tubers used for the cold storage were fully matured (Hendriks et al. 1991 ). In comparison, the level of transcripts for CIP353 was high only in mature tubers stored at 4°C and low in developing tubers and other organs of growing potato plants. These unique transcription profiles of the CIP353 gene prompted us to analyze the gene in more detail.
Expressions of most cold-inducible genes are induced by temperatures between 2 and 10°C (Guy 1990 ). Therefore, we examined whether the level of the CIP353 transcript was elevated under cold conditions. We also assessed what temperature conditions would affect the level of the transcripts if the transcription of CIP353 gene was cold-inducible.
Northern blotting analysis revealed that the transcription of the CIP353 gene was induced in tubers stored at 3 or 6°C but not at ³9°C (Fig. 4) . The induction of the transcription of -1 ) was electrophoresed under denaturing conditions, blotted onto a membrane, and then probed with each 32 P-labeled cDNA fragment. 25S rDNA (Ohyama et al. 1998) probe was used as a loading control. RNA was prepared from young leaves (lane 1), young stems (2), roots (3), suspension cells (4), developing tubers (5), and mature tubers stored at 4°C for 7 months (6). Fig. 3 ) is shown as a black box. The serine cluster is double-underlined. The acidic domain at the C-terminus of the deduced protein is underlined. The dashed underlining indicates the basic domain that might act as a nuclear localizing signal (Riechmann and Meyerowitz 1998) . Fig. 3 Comparison of the deduced amino acid sequence of the AP2/ERF-domain of CIP353 with those of other AP2/ERF-domain proteins: Arabidopsis RAP2.3 (Okamuro et al. 1997) ; Arabidopsis DREB1A and DREB2A (Liu et al. 1998) ; tobacco EREBP1 (Ohme-Takagi and Shinshi 1995); and tomato Pti4 (Zhou et al. 1997) . Shaded areas indicate amino acid identities. The consensus sequence of the AP2/ERF-domain (Riechmann and Meyerowitz 1998, Fujimoto et al. 2000) is shown above each alignment. The underlined amino acids in the consensus sequence represent residues that interact with nucleotides within the GCC box ERF-domain (Fujimoto et al. 2000) . Dashes indicate gaps introduced to maximize alignment.
the gene in tubers stored at 6°C was weaker than that in 3°C-stored tubers throughout storage (Fig. 4) . These results suggest that the CIP353 gene is cold-inducible and that 6°C is a threshold value for the induction of CIP353 transcription in tubers. Furthermore, the accumulation of CIP353 transcripts in mature tubers stored at 3 or 6°C was interrupted by exposure to high temperature (20°C), and the level of the transcript in tubers stored at 20°C was elevated by cold treatment at 3 or 6°C (Fig. 5) . Therefore, it is likely that CIP353 is a temperaturedependent cold-inducible gene in potato plants.
As mentioned in the first paragraph of the Discussion, the transcription level of CIP353 was higher in cold-stored tubers than in various organs of growing plants (Fig. 1) . Furthermore, the cold-induction of the CIP353 gene was not as pronounced in the leaf, stem, or root tissues of potato plants grown in vitro as that in stored tubers (Fig. 6) . Therefore, transcription of the CIP353 gene is nearly cold-stored-tuber-specific, as relatively high levels of the transcript were observed in etiolated sprouts from cold-stored tubers (data not shown).
Many cDNA clones encoding cold-inducible proteins have been isolated from various plant species (Thomashow 1998) , including potato (van Berkel et al. 1994 , Kirch et al. 1997 ). van Berkel et al. (1994) classified cold-inducible proteins in potato tubers into four different groups on the basis of the two-dimensional polyacrylamide gel profiles: proteins of group 1 increased rapidly and reached maximum within 3 d after storage of tubers at 4°C; those of group 2 did not increase before 1 week of storage (slow-response group); group 3 proteins accumulated continuously for 1-2 weeks of storage; and group 4 polypeptides were transiently induced within 2 weeks of the cold treatment. These authors also reported the isolation of genes corresponding to group 1, 3, and 4 proteins. In comparison, the increase in the level of CIP353 transcripts began 2 weeks after cold storage and continuously increased for more than 3 months during storage at 3°C (Fig. 4) . According to the classification of van Berkel et al. (1994) , the CIP353 cDNA we Fig. 4 Temperature-dependent transcription of CIP353 in stored potato tubers. Each lane was loaded with 3 mg of total RNA from potato tubers stored at the indicated temperature for the indicated time. RNA was analyzed by Northern blotting with 32 P-labeled CIP353 cDNA as a probe. The membrane was reprobed for the transcripts of 25S rDNA as a loading control. ) from tubers was analyzed by Northern blotting with 32 Plabeled CIP353 cDNA as a probe. The membrane was reprobed for the transcripts of 25S rDNA as a loading control. Fig. 6 Accumulation of CIP353 transcripts in potato plants cultured at 3°C. Aseptic single-node segments of potato were cultured at 20°C for 4 weeks under a 16-h day length of 3,000 lux illumination. In vitrogrown potato plants were cultured further at 3°C for 2 or 4 weeks under the same light conditions, and then total RNA was prepared from leaves, stems, and roots. RNA samples of tubers were prepared from plants grown in a greenhouse. Each lane was loaded with 3 mg of total RNA and was analyzed by Northern blotting with 32 P-labeled CIP353 cDNA as a probe. The membrane was reprobed for the transcripts of 25S rDNA as a loading control. Fig. 7 Southern blotting analysis of the CIP353 gene. Genomic DNA (5 mg lane -1 ) was extracted from leaves of potato (cv. Toyoshiro); digested with BamHI (lane 1), BglII (2), EcoRI (3), EcoRV (4), HindIII (5), or Xba I (6); blotted onto a nylon membrane; and then probed with 32 P-labeled CIP353 cDNA.
Van isolated may encode a group 2 protein which has not been characterized yet.
As shown in Fig. 3 , the middle part of the deduced amino acid sequence (residues 97 through 153) of the CIP353 cDNA exhibited high similarity to a conserved DNA-binding motif, the AP2/ERF domain (Riechmann and Meyerowitz 1998 , Fujimoto et al. 2000 , van der Fits and Memelink 2001 , of known plant regulatory factors, including Arabidopsis AtERFs (Fujimoto et al. 2000) , Catharanthus roseus ORCAs (van der Fits and Memelink 2001) , and N. tabacum NtEREBPs (ethylene responsible element binding proteins, Ohme-Takagi and Shinshi 1995). In addition, the deduced CIP353 protein had a single AP2 domain (Jofuku et al. 1994) (Fig. 3) , as do various AP2/ ERF-domain-containing proteins. These findings suggest that the CIP353 protein is a member of the AP2/ERF subfamily (Riechmann and Meyerowitz 1998 , Fujimoto et al. 2000 , van der Fits and Memelink 2001 . In comparison, proteins of the AP2 subfamily contain two AP2 domains (van der Fits and Memelink 2001) .
The putative CIP353 protein includes the essential amino acid residues that interact with nucleotides within the GCC box (Fig. 3 , Fujimoto et al. 2000) . In addition, the deduced protein contains two acidic domains (at residues 24-46 and 207-261), which may function as activation domains, and a basic domain (at amino acids 91-98) that might act as a nuclear-localizing signal (Riechmann and Meyerowitz 1998) . Furthermore, a serine cluster was present at residues 37-43. Clusters of serinerich residues have been found in several AP2/ERF family proteins and may be involved in the activation of transcription (Riechmann and Meyerowitz 1998) . Therefore, we suggest that the CIP353 protein is an AP2/ERF-domain regulatory factor and regulates genes expressed in tubers stored at low temperature for a long period.
Materials and Methods
Plant material
Mature tubers were harvested from potato (Solanum tuberosum L. cv. Toyoshiro) plants grown in the field. Leaves, stems, roots, and developing tubers were collected from plants grown in a greenhouse. Mature tubers were stored in the dark at various temperatures (3, 6, 9, 12, 15, and 20°C) . In vitro culture of potato plants was done on LSagar medium (Linsmaier and Skoog 1965) . Plant materials for the extraction of RNA and DNA were ground to a fine powder under liquid nitrogen and stored at -80°C.
RNA and DNA extraction
Genomic DNA was extracted from leaves by using the procedure described by Komari (1989) . Total RNA was extracted from various organs as follows. The frozen powder was homogenized in 1.5 volumes of extraction buffer containing 100 mM Tris-HCl (pH 9.0), 100 mM NaCl, 1% SDS, and 1.44 M 2-mercaptoethanol. The homogenate was extracted three times with an equal volume of a mixture of phenol and chloroform (1 : 1 v/v). The nucleic acids were precipitated by the addition of a 1/20-volume of 5 M NaCl and 2.5 volumes of ethanol. The pellet was dissolved in a small volume of distilled water, and the RNA was precipitated by the addition of a 1/3-volume of 10 M LiCl. Poly(A) + RNA was selected by using a Dynabeads mRNA Purification Kit (Nihon Dynal, Tokyo, Japan) according to manufacturer's protocol.
Library construction and screening
A cDNA library was constructed from poly(A) + RNA isolated from tubers stored at 4°C for 7 months by using the cDNA Cloning System Lambda gt10 (Amersham Japan, Tokyo, Japan). About 1´10 4 recombinant phage plaques were transferred onto nylon membrane (Hybond-N+, Amersham Japan). The membranes were subjected to differential screening by using two types of first-strand cDNA probes labeled with 32 P-dCTP and reverse transcriptase. Each cDNA probe was prepared from poly(A) + RNA isolated from low-temperaturestored tubers (4°C for 7 months) or from developing tubers. Hybridization and washing were performed as described by Church and Gilbert (1984) .
Northern and Southern blotting analyses
Total RNA (3 mg lane -1 ) was separated on a 1% agarose gel under denaturing conditions with glyoxal dimethylsulfoxide and then blotted onto a GeneScreen Plus membrane (NEN Products, Boston, MA, U.S.A.). Samples of DNA (5 mg lane -1
) were digested with various restriction enzymes, fractionated on a 0.8% agarose gel, and then transferred to a nylon membrane (Hybond-N+, Amersham Japan).
Both membranes were hybridized with 32 P-labeled cDNA probes. For Northern analysis, prehybridization, hybridization, and washing were performed according to the protocol of the membrane manufacturer. Southern hybridization was performed as described by Church and Gilbert (1984) . Autoradiography was done by using an Imaging Plate (Fuji Photo Film Co., Ltd., Tokyo, Japan), and analysis of the autoradiograms was performed by using the BAS1000 system (Fuji Photo Film Co., Ltd.).
DNA sequence analysis
DNA sequences of the cDNA clones were determined by dideoxynucleotide sequencing with the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer Biosystems, Foster City, CA, U.S.A.) and an automated DNA sequencer (model 373A, Perkin Elmer Biosystems). Nucleic acid sequence data were analyzed by using the GENE-TYX program (Software Development, Tokyo, Japan).
